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CMANNEL-DROPPING FILTER HAVING TWO RESONATORS FOR COUHJNG THE TWO POLARISATION 
COMPONANTS ^ 

FIELD OF THE INVENTION 
The present invention is directed to polarization independoit optical filteis. 

BACKGROUND OF THE INVENTION 

Optical signal transmission encounters problems similar to those found in electrical 
networics, and also encounters problems unique to optical networks. For example, both 
electrical and optical networks must handle ever-increasing amounts of data (e.g., voice, 
video, audio, text, graphics, etc.). For optical networks, various multiplexing schemes are 
employed (e.g., wave division multiplexing (WDM), dense WDM, and ultra-dense WDM) to 
increase transmission bandwidth by simultaneously transmitting data from a pluraUty of 
sources to a plurality of destinations over a single optical medium such as, for example, a 
fiber-optic cable or waveguide. Obviously, the data from the plurality of sources is not 
intended for the same destination and it is necessary to selectively switch and route the 
various data to its intaided destination using filters, switches, couplers, routers, ete. 

An optical signal typically comprises a plurality of wavelengths, with each wavelength 
representing data fiom a different source. An optical network must be able to direct each 
wavelength (i.e., each separate data source), separate fiom the other wavelengths, over 
various padis in the networic. Switching/filtering not only facilitates routing of a desired 
wavelength to its intended destination, it also fecilitates re-routing in the case of network 
faihire (e.g., fiber-optical cable breakage), or to alleviate network congestion, as two 
examples. As the need for bandwidth continues to increase (whetiier for optical or electrical 



WOOl/22139 PCT/US00/260d3 

-2- 

networks), so too does the need to distinguish the various signals being simultaneously 
transmitted. 

Unique to optical transmission are the polarization modes of an optical signal. A 
single optical signal may have both transverse electric (TE) and transverse magnetic (TM) 
modes, each propagating through the optical components of the network at different speeds 
and generally experiencing slightly different conditions. A WDM signal, for example, is 
randomly polarized, with each wavelength having a different, independent polarization. 
Optical fiber, for example, has a small birefiingence such that, after propagating through any 
substantial length of fiber, the optical signal arriving at the end of the fiber will have a 
random, unpredictable polarization different from that at the input end of the fiber. Thus, any 
subsequent optical component into which the optical signal is coupled must not differentiate 
between the different polarizations if the optical network is to be transparent to polarization. 
It is thus desirable to provide an optical system, component, and/or device that is essentially 
polarization independent and that enables transmission of a randomly polarized multi- 
wavelength optical signal. 

It is desirable that optical networks (and the systems and components that make up the 
networks) be capable of handling both polarization modes. 

It is thus desirable to provide an optical a system, component, and/or device that is 
essentially polarization independent arid that enables transmission of a polarized multi- 
wavelength optical signal. 

SUMMARY OF THE INVENTION 
The present invention is directed to a polarization independent, channel-dropping 
optical filter comprised of two complementary filtering elements: one tuned for TE 
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polarization mode and the other for TM polarization mode. The filtering elements are 
preferably tuned to the same predetermined wavelength so that a specific wavelength may be 
separated (i.e., filtered) from a randomly polarized wavelwigth division multiplexed (WDM) 
optical signal. The filtering elements also preferably have the same peak transmission 
characteristics. The present invention also advantageously filters both polarization modes of 
the desired wavelength, the filter fiirther comprises input and output waveguides which 
strongly confine and guide a polarized multi-wavelength optical signal. Each waveguide is 
separated from the filtering elements by a g^ over which the optical signal may be coupled to 
and from the filtering elements. 

The filtering elements preferably comprise a micro-ring or circular disk resonator, or a 
non-circular micro-ring resonator with substantially straight sections that define a coupler 
length that facilitates light transfer between the waveguides and resonators. The resonators of 
the inventive filter preferably satisfy the following requirements: one resonator couples only 
TE polarization mode and the other couples only TM polarization mode; the resonators are 
tuned to the same resonance wavelengths for both TE and TM polarization modes; and the 
resonators have the same transfer characteristics for both TE and TM polarization modes. 

The resonators are preferably photonic-well or photonic-wire waveguides that strongly 
confine (e.g., a the planar direction) and guide light. The strong coi^mement characteristics 
make it possible to construct resonators having relatively small bend radii (e.g., on the order 
of proximately 1 0 microns). 

The evanescent coupling between the straight waveguides and the resonator is 
dependent on the gap size, the waveguide width, and the material indices inside and outside 
the waveguides. For better control of the couphng, a race-track shaped resonator may be 
used, i.e., one with substantially straight coupling sections having a pre-detennined length 
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and that are disposed in substantially parallel relation with the input and output waveguides. 
With proper choice of the gap size and waveguide width, for example, it is possible to design 
the resonator to be favorable for either TE or TM modes. The exact coupling factor will then 
be determined by the length of the straight coupling section. 
5 Preferably, the filter is constructed having the following parameters: a gap is defined 

between the input waveguide and resonators, and between the resonators and output 
waveguide that has a width which is less than .5 pm; the width of the waveguides (including 
the waveguides of the resonators) is less than 1 |im; the coupler length is Jess than 50 pm; and 
the ratio of the index of refraction inside the waveguides to the index of refi:action of the 

10 medium (e.g. air) in the gap between the waveguides is greater than 1.5. 

The operation of the filter is affected by the polarization of the light signal. For TE 
mode signals, it is preferred that the width of the waveguides be less than .25 ^un. As for TM 
mode signals, it is preferred that the width of the waveguides be greater than .35 pm. 

The relationslup between the waveguide width and gap width and their effect on 

15 polarization is discussed in detail in co-pending patent application serial number / 

entitled Nanophotonic Directional Coupler Device, the entire content and disclosure of which 
is hereby incorporated by reference. 

It is preferred that symmetry be achieved in the filter design and constiuction. 
Specifically, the waveguides are similarly or substantially similarly formed (e.g., materials, 
20 dimensioning, etc.) to enable efiQcient transfer of the light signal between the input/ou^ut 
waveguides and the resonators. 

Thus, the present invention is directed to a novel optical filter comprised of 
polarization dependent components to provide a polarization independent device. 
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The invention accordingly comprises the features of construction, combination of 
elOTients, and arrangement of parts which will be exemplified in the disclosure herem, and 
the scope of the invention will be indicated in the claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 
In the drawing figures, which are not to scale, and which are merely illustrative, and 

wherein like reference characters denote similar elements throughout the several views: 

FIG. 1 is a schematic view of a prior art channel-dropping filter having input and 

output waveguides coupled to a single micro-ring resonator, 

FIG. 2 is a schematic view of a polarization independent channel-dropping filter. 

having two wavelength and polarization-tuned micro-ring resonators and constructed in 

accordance with the present invention; 

FIG. 3 is a schematic view of a multi-stage polarization independent channel-dropping 

filter constructed in accordance with the present invention; 

FIG. 4 is a cross-sectional view taken along the line 4-4 of FIG. 2; and 

FIG. 5 is a graph depicting the relationship between coupler length and gap size at 

various waveguide widths for both TE and TM polarization modes. 

DETAILED DESCRIPTION OF THE PRESENTLY PREFERRED EMBODIMENTS 
The present invention is directed to a polarization independmt channel-dropping 
optical filter comprised of two complementary filtering elements; one tuned to TE 
polarization and the other to TM polarization. The filtermg elements are also preferably 
tuned to the same predetermined wavelength so that both polarization modes of a specific 
wavelength may be separated (i.e., filtered) &om a randomly polarized wavelength division 
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multiplexed (WDM) optical signal. The filter further comprises input and output waveguides 
which strongly confine and guide a polarized multi-wavelength optical signal. Each 
waveguide is separated from the filtering elements.by a gap over which the optical signal may 
be coupled to and from the filtering elements. 

Referring first to FIG. 1, the general operation of a channel-dropping filter, designated 
generally as 50, will now be discussed. Channel-dropping filters include a resonator 20 tuned 
or tunable to a particular wavelength. When a multi-wavelength optical signal such as, for 
example, a wave-division multiplexed (WDM) signal, propagates in (i.e., is guided by) the 
input waveguide 10, a portion of that signal (in terms of optical power but including aU 
10 wavelengths of the signal) is coupled fiom waveguide 10 into the resonator 20. The 
wavelength of the coupled signal that is on-resonance with the wavelength to which the 
resonator 20 is tuned constructively interferes within the resonator 20, while off-resonance 
wavelengths destructively interfere and eventually attenuate. An optical signal having only 
the on-rcsonance wavelength is coupled bom the resonator 20 to the output waveguide 30, 
and exits the filter 50 as a transmission signal T. A residual part (i.e., that part not coupled 
fix>m the input waveguide 10 to the resonator 20) of the optical signal fiom the optical source 
100 exits the filter from the input waveguide 10 as a reflection signal R. The resonator 20 
may be fixedly tuned to a particular wavelength by virtue of its design and construction. 
Alternatively, the resonator 20 may be selectively tuned by application of an electrical signal 
or field and due to the electro-optic effect, which refers to a change in the refractive mdex of 
a material under the influence of an electrical signal or field. 

The filter 50 depicted in FIG. 1 is polarization dependent and can only effectively 
transmit one of the two polarization modes. Thus, light may be transmitted for one 
polarization mode, yet attenuated for the other polarization mode. This is clearly undesirable 
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for optical communications where an optical signal may shift between polarization mode as 
the signal propagates through the waveguide (or optical fiber, as the case may be). 

The present invention provides a novel solution to address polarization in an optical 
signal that overcomes the shortcomings of the prior art. Optical communication systems and 
coniponents may now be constructed that are polarization independent by utilizing 
complementary polarization dependent components (one tuned to each polarization mode). 
Unless otherwise stated, the input waveguide, resonators (actually constructed as a continuous 
waveguide having generally parallel straight sections (coupler lengths) joined by 
longitudinally disposed arcuate sections), and output waveguide are similarly, if not 
identically, constructed, thus, discussion of the construction, material, dimensions, 
operation, etc., of one waveguide shall apply to the other waveguides, unless the contrary is 
stated. Similariy, discussion of the operation of the input waveguide 60 (see, e.g., FIG. 2) 
shall apply to the output waveguide 90, unless stated otherwise. 

Referring next to FIG. 2, a polarization indq>endent channel-dropping filter 150 
constructed in accordance with an embodiment of the present invention is there depicted. An 
optical source 100, which may be a laser, fiber-optic cable, waveguide, or other light 
generating or propagating device, provides a multi-wavelength optical signal input (e.g., 
WDM, DWDM, UDWM signal, or the like) to the input waveguide 60. The input waveguide 
60 may be either a photonic^well or a photonic-wire constraction, such as those disclosed in 
U.S. Patent Nos, 5,790,583 and 5,878,070, respectively, the entire cont^ts and disclosures of 
which are hereby incorporated in their respective OTtireties. A cross-section of the 
waveguides and resonators are is depicted in FIG. 4 and discussed in more detail below. 

The primary difference between the photonic-well and photonic-wire construction is 
the refiactive index of the semiconductor material above arid below the core 62 (see, e.g.. 
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FIG. 4). In a photonic-well construction, the core 62 is suiroimded by upper and lower 
cladding layers 66, 64 of relatively low (with respect to the refractive index of the core 
material) refractive index material; the lower cladding layer 64 being disposed on a substrate 
68. In a photonic-wire construction, the core 62 is surrounded by upper and lower cladding 
layers 66, 64 of relatively low refi:active index naatmal. Both constructions have relatively 
low refractive index material 1 10 laterally surrounding the waveguide 60 and disposed in die 
gap g between the waveguides 60, 90 and resonators 70, 80. The construction of the output 
waveguide 90 and resonators 70, 80 (170 and 180 in FIG. 3) are substantially, if not 
identically, the same as just described. 

The index of refraction inside the waveguide n^g refers to the index of refraction of 
the core 62 material. The core 62 may be formed &om Gallium Arsenide or Indium 
Phosphide; both these materials have an indrac of refraction that is q)proxiinately 3.5. For a 
photonic-well construction, the upper and lower cladding layers 66, 64 are pref^ably 
constructed of a material having a relatively high refractive index, when compared with the 
refractive index of the core 62. Thus, strong photon confinement is provided only laterally of 
the waveguide by the relatively low refractive index material 1 10 provided in the gap g and 
otherwise around the waveguide (see, e.g., FIG. 2). For a photonic-wire construction, the 
upper and lower cladding layers 66, 64 are preferably constructed of a material having a 
relatively low refractive index, when compared with the refractive index of the core 62. 
Thus, strong photon confinement is provided on all sides of the waveguide. Additionally, the 
index of refraction Ug refers to the index of refraction of a medium that is disposed in the gap 
g. Most typically, the medium will be air, having an index of refraction of 1.0. However, 
other insulative mediums can be used. 
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With continued reference to FIG. 2, first and second resonators 70, 80 may be 
constructed as either photonic-well or photonic-wire waveguides. Since the resonators 70, 80 
are nearly identical (diffonent waveguide and gap widths providing either TE or TM 
coupling), the following discussion is directed to the first resonator 70, it being understood 
that such discussion applies equally to the second resonator 80, with the exception of the 
differ«it dimensions for the waveguide and gap width. The resonator 70 includes 
substantially , straight input and output sections 72, 74 which respectively define a 
substantially constant g^ g between the input waveguide 60 and output waveguide 90, and 
the resonator 70. As s result, input and ouQjut sections 72, 74 thus define a couplw loigth L, 
which is the length of optical path along which coupling occurs (from the input waveguide to 
the resonator, and to the output waveguide). 

The filter 50 is preferably formed within the following dimensional parameters (see, 
e.g., FIG. 4): a gap g between the resonator 70 and each of the input waveguide 60 and the 
output waveguide 90 of less than approximately .5 fmi; a Waveguide width w for each of the 
input, output, and resonators of less than approximately 1 ^m; a coupler length L of less than 
approximately 50 mi and, a ratio of the index of refraction of the core 62 to the index of 
refraction of a medium 1 10 surrounding the waveguide (i.e., in the gaps) which is preferably 
greater than 1.5. Preferably, one resonator has a waveguide width w, of less than .25 pm for 
TE mode coupling, and the other resonator has a waveguide width W2 of greater fbaa .35 \im 
for TM mode coupling, as depicted in FIG. 4. The width of the waveguide 60 wiU 
concsponding generally to the width of the resonator 70, 80. Thus, where a resonator width 
wi (see, e.g., FIG. 4) is less than .25 pm, the waveguide width will be approximately the 
same. Likewise, where the resonator width is greater than .35 pm the waveguide width wiU 
be ^)proximately the same. The width of the input waveguide 60 thus t^ers from less than 
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appnoximately .25 |im to greater than ^proximately .35 pm, at least in between the 
resonators 70, 80. 

It is also preferred that symmetry be achieved in the filter 50 design and construction. 
Specifically, the waveguides 60, 90, and the resonators 70, 80 are similarly or substantially 
similarly formed (e.g., materials, dimensioning, etc., and with the exception of the resonator 
width) to enable efBcient transfer of the light signal (also referred to herein as an optical 
signal). 

As with all optical devices, operation of the channel-dropping filter 50 of the present 
invention is affected by the polarization of the light signal propagating within (through) the 
various waveguides of the device. For transverse electric (TE) mode signals, it is preferred 
that the width W| (see, e.g., FIG. 4) of one resonator waveguide be less than .25 pm. As for 
transverse magnetic (TM) mode signals, it is preferred that the width wj of one resonator 
waveguide be greater than .35 pm. If a filter 50 is designed to accommodate a light signal of 
a certain polarization, it may not operate efficiently with a signal of a different polarization. 
For example, if a filter is designed specifically to accommodate a TE mode light signal (i.e., 
constructed with waveguides less than .25 pin wide), a TM mode signal will pass through the 
filter 50 with little or no transfer of signal between the input waveguide 60 and resonator. 

By using two differently constructed resonators 70, 80, the present invention 
elimmates any concern for the polarization of the light signal, and provides efficient signal 
transfer firom the input waveguide 60 to the output waveguide 90, via the resonators 70, 80, 
regardless of the polarization of the optical signal and fiurther regardless of whether the 
optical signal contains both TE and TM polarization modes. The present invention thus 
provides a polarization independent channel-dropping filter by using pairs of polarized 
resonators. 



5 
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The above-described dimensions of the waveguides may be calculated using the 
following formulas. 

GAP WIDTH rg^ 

It is preferred that the gap width g between the input waveguide 60, and straight 
section 72, 82 (and betweai output waveguide 90 and straight sections 74, 84) of the 
resonators 70, 80 be less than .5 jun, and may be calculated as follows: 

where, X is the wavelength of the light signal in free space, n^g is the index of refraction 
0 inside the waveguide; and Ug is the index ofrefraction in the gap. 
WAVEGUIDE WIDTH (w'i 

The waveguides each have a width w that is preferably less than 1 pm, and may be 
calculated using the following equation: 

w<Unwg (2) 
For TE mode signahs, the waveguide width is preferably less than .25 pm, and for TM 
mode signals, greater than .35 pm. Additionally, if the waveguides are photonic-wire 
construction, then the height h of the core 62 (see, e.g., FIG. 4)) is also preferably made equal 
between the input waveguide 60 and input straight sections 72, 82, and between the output 
waveguide 90 and output straight sections 74, 84. It is also preferred that for photonic-wire 
waveguides, the width w be equal to the height h. 
COUPLER LENGTH (U 
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As discussed above, the straight sections 72, 82 and 74, 84 of the resonators 70, 80 
define a respective coupler lengfli L that are preferably equal to each other. In a preferred 
^ embodiment, the coupler length L is less than SO pm. 

The coupling factor is dependent on several factors including the widths, the 
coupler lengths, the waveguide widths, the indices of refiaction, the polarization of the light 
being transferred, and the wavelength of the light. With the subject invention, the gap widths 
can be made larger than that disclosed in the prior art resonators, witfi longer «)upler lengths 
being used to achieve the same coupling factor as with a circular resonator, for example. The 
increase in g^ widths causes a drop in coupling fector, wherein, an increase in coupler length 
causes an increase in coupling factor. With the subject invention, by increasing the coupler 
length, an increase in coupling factor is achieved that is at least commensurate with the drop 
in the coupling factor caused by the increase in the gap width. The net effect is to produce a 
resonator that is easier to manufacture, because of the more generous gap width than diat in 
the prior art, without any sacrifice in performance. Additionally, the coiq)ler lengths can be 
easily changed since the length of the straight sections may be increased as needed to achieve 
the desired coupling factor. However, such an increase would require a corresponding change 
in the dimensions (i.e., radius) of the arcuate sections so as to preserve the round-trip optical 
path length. In this manner, resonators with generally the same overall width (as measured 
between the straight portions) can operate with different coupling factors. In contrast, prior 
art resonators, including circular and elUptical resonators, require changes in curvature, g^ 
widths, etc., to achieve changes in coupling factor - which is difficult to realize. • 

As discussed above, light signals have either a TM polarization or a TE polarization. 
As a result, signals of different polarizations behave differently and have different transfer 
characteristics within a wav^ide. For example, the effective indices of refraction Nj and 
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Na are respectively generally different for TE and TM signals. To take polarization into 
consideration, a TM specific waveguide is preferably designed with the additional limitation 
that the waveguide width w is greater than .35 jun. In contrast, a TE specific waveguide is 
preferably designed with the additional limitation that the waveguide width w is less than .25 
pm. It should be noted that a Kght signal with a TM polarization will not transfer in a TE 
specific waveguide, whereas, a light signal witii a TE polarization may partially transfer in a 
TM specific waveguide. In either case, there is veiy inefficient or no transfer of signal. 
Furthermore, the TM specific waveguide generally has larger coupler lengths that TE specific 
waveguide. This means that in order to design a waveguide that favors a particular 
polarization, the waveguide must satisfy a certain combination of waveguide width, gap size 
and coupler length simultaneously. 

The relationship between gap width g and coupler length L is depicted in FIG. 5, in 
which two families of curves representing botii TE and TM values for different waveguide 
widths w are plotted as a fimction of gap width g (for a gap refiactive index ng approximately 
equal to 1.0). A shaded band S represents the range of waveguide widths w of .25 \xm to .35 
pm. In this range of w, the coupler lengths are approximately the same for both TE and TM 
light polarized signals for all gap sizes. In particular, FIG. 5 shows that TE and TM curves 
for w = 0.3 jun cross at a point where the gap size is approximately 0.2 ^m. This means that 
polarization independence occurs where w = 0.3 pm and g = 0.2 pm. 

RATIO OF INDICES OF REFRACTION 

The ratio of the index of refiaction inside the waveguide n^g to the index of 
refraction inside the gap ng is preferably greater tiian 1 .5. Stated simply: 

nwg/ng>1.5 (3) 
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The relatively large difference in the indices of refraction provides strong confinement 
of a light signal inside the respective waveguides 60, 90, and within the resonators 70, 80. 
COUPLING FACTOR 

The coupling factor is the indicator of the performance of an optical device. The 
parametere discussed herein have an impact on the coupUng factor. When discussing 
coupling of an optical signal, the tenn "coupling factor" is used to indicate what percentage of 
the signal, assuming no losses, is coupled (i.e.. transfenred) between waveguides, for example. 
Thus, by varying one or more parameters, a desired coupUng factor can be obtained. 
Specifically, coupling factor is calculated by finding a theoretical coupling lenglh (Lc) for a 
specific design at which 100% of the light signal theoretically passes from one waveguide to 
the other, assuming no losses. The theoretical coupling length may be calculated as follows: 

where, is an etfective index of refraction for the symmetric mode of the coupled 
waveguides; and is an effective index of refraction for the asymmetric mode of the 
coupled waveguides. 

To achieve a theoretical complete transfer in an optical device, the theoretical 
coupling length is solved for (using equation 4. for example), and the coupler lengfts of 

first and second waveguides (firom and to which the signal is coupled) are set equal to that 
calculated value. 

The coupling factor (Fc) can be calculated as follows: 

/;=sin^t;i£/(2i,)] (5) 
where L is the actual coupler length for which the coupling factor is being calculated. 
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Thus, the coupling factor is a function of the actual couplw length L and the 
theoretical coupling length U. Theoretically, the coupling factor equals 1.0 where L = 1^ - 
howevCT, a couplmg factor of 1.0 cannot be actually achieved because of losses. It should 
also be noted that the couphng factor can be less than one, both at lengths greater than and 
less than the theoretical coupling length. 

The resonators of the present invention 70, 80 serve as a wavelength filter that 
separates out the desired wavelength (i.e., the on-resonance wavelengths) fiom the WDM 
optical signal. The resonance condition is satisfied when the round-trip length of the 
resonator is equal to an integer multiple of the optical wavelength m the waveguide medium. 
The resonance wavelengths (Ao) for the resonators 70, 80 may be determined by the 
following equation: 

L^n^j^^mX^ (6) 
where 1^ is the round-trip length of the resonator 70, 80, Ucrr is the effective index of the 
resonator waveguide, and m is the order of resonance. Because Uefr is different for TE and 
TM, it is necessary to use a different value of Ln or to use a different {m) in order to make Xo 
. the same for both TE arid TM. Those conditions may be represented by equation (7): 



(7) 



If the order of resonance m is fixed to be the same for both resonators, then the 
required difference in Lrt is given by the following equation: 

where A»*^= ntm^nrE is the difference in the effective indices for TE and TM. The small 
difference in Ln will give rise to only a small difference in the free spectral range. 
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The resonators 70. 80 preferably have substantially the same transfer characteristics 

for both TE and TM polarization modes. The shape of the filter response of the resonator is 

determined primarily by peak value and the linewidth, both of which depend on the coupling 

factor and the round trip loss. The power transmission signal T and reflection signal R (see, 

e.g., FIG. 2) are giv«i by the following equations: • 

(1-R,)(1-R,)A 
(l-VR;R7^)^+4VR;k7^sin^(^) 

^ (Vr7 - VSTa)^ + 47R;R7Asin^ . 
(l-^jB^Ar +4,/R;R7.Jsin^(%r 

where A = exp(.aLn). and S = (Itt/ X)nejfL^. R, and R2, are the reflection coefficients at the 
waveguide resonator coupling points (i.e., along the coupling lengths), related to the coupUng 
factors Fc, and Fc2 by R.- = 1 - Fa (i = U). It is desirable to make = 0 at resonance (i.e., 
when sin^ (^) = 0) . This requires that the foUowing relationships be satisfied: 

■^ = ^rA 
or R,=R2A^ 
or (l-Fa) = (l-Fc2)A^ 
or e-'^^' = e-''^e-^«^ 
or Fa«Fc2 + 2aL„ 
At resonance, the maximum transmission is given by the following equation: 

ra-x = — e „ (11) 



same 



Thus, in order for the two resonators (i.e., the TE and TM filters) to have the 
peak transmission (which is a requirement for a polarization independent filter), the loss and 
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the two coupUng factors (Fci and Fc2) must be equal for both TB and TN4. the requirement 
for polarization insensitivity is that the loss and the two coupling coefficients be equal for TE 
' andTM. 

In operation, and with reference first to HG. 2, the channel-dropping filter 150 of the 
5 present invention receives a multi-wavelength optical signal from an optical source 100 that is 
guided by input waveguide 60. That signal includes a wavelength to which Ihe resonators 70, 
80 are tuned, e.g., 1550 nm. That optical signal may also include both TE and TM 
polarization modes. As the signal propagates past the first resonator 70, part of the optical 
signal is evanescently coupled to the first resonator 70. The off-resonance wavelengths 
10 destructively interfere within the resonator 70 and thus eventually attenuate. Only the on- 
resonance wavelength constructively interferes and couples out of the resonator 70 into the 
output waveguide 90. In addition, only one of the modes of the optical signal is coupled fiom 
the input waveguide 60 to the resonator 70 and to the output waveguide 90, depending upon 
the width of the input waveguide 70 and resonator waveguide. Sinnlarly, part of the optical 
5 signal is coupled to the second resonator 80, where the on-resonance wavelength and the 
other mode couple to the output waveguide 90, where they recombine with the signal coupled 
from the first resonator 70 and are output from the filter 150. Thus, both polarization modes 
of an optical signal having a predetermined wavelength may be coupled from the WDM 
optical signal and redirected or re-routed to a desired destination. 

A plurality of tuned resonators may be used to construct a 1 x N channel-dropping 
filter 250 as depicted in FIG. 3. The resonators 70, 80 and 170, 180 are provided in pairs, 
each pair being tuned to a particular wavelength and including one resonator tuned to TE 
mode polarization and the other tuned to TM mode polarization. A plurality (i.e., N) of 
output waveguides 90, 190 are provided to output a plurality of optical signals, each having a 
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difFerent wavelength. Operation of the waveguides and resonators of the filter 250 of FIG. 3 

are essentially the same as described above with reqiect to FIG. 2. 

The resonators of the present invention may be tuned to a predetermined wavelength 

by virtue of their design and construction. Alternatively, they may be selectively tunable due 

to the presaice of an electrical field or signal and due to the electro-optic effect 

Thus, while there have been shown and described and pointed out novel features of 
the present invention as appUed to preferred embodiments thereof, it will be understood that 
various omissions and substitutions and changes in the form and details of the disclosed 
invention may be made by those skilled in the art without departing ftom tiie spirit of the 
invention. It is the intention, therefore, to be Imiited only as indicated by the scope of the 
claims appraded hereto. 

It is also to be understood that the following claims are intended to cover all of the 
generic and specific features of the invention herein described and aU statements of the scope 
of the invention which, as a matter of language, might be said to fell therebetween. 
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CLAIMS 

What is claimed is: 

1 . A polarization independent optical filter for receiving fiom an optical 
source a polarized wavelength-division multiplexed (WDM) optical signal having a 
plurality of wavelengths and defining random first and second polarizations, said filter 
conqtrising: 

an input waveguide having a first width and a second width and for 
receiving the polarized WDM optical signal; 

aa output waveguide for outputting &om said filter a polarized optical 
signal havmg a predetermined wavelength that is one of the plurality of wavelengths 
of the WDM optical signal and havmg the first and second polarizations; 

a first filtering element, tuned to said predetermined wavelength and 
one of the first and second polarizations and optically coupled to said input waveguide 
and separated therefiom by a gap for opticaUy coupUng from said mput waveguide a 
part of the optical signal having one of the predetermmed wavelengths and one of the 
first and second polarizations; " . 

a second filtering element, tuned to said predetermined wavelength and 
the other one of the first and second polarizations and optically coupled to said input 
waveguide, and separated therefrom by said gap, for optically coupling fiom said 
input waveguide another part of the optical signal having the piedetennined 
wavelength and the other one of the first and second polarizations; 

said first and said second filtering elements respectively couplmg said 
part and said another part of the optical signal at said predeteimined wavelength to 
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said output waveguide which outputs from said filter an optical signal at said 
predetennined wavelength and having the first and second polarizations. 

2. A polarization independent optical filter as recited by claim 1, wherein 
the first polarization is transverse magnetic and wh^ein the second polarization is 
transverse electric. 

3- A polarization independent optical filter as recited by claim 2, wherein 
said first filtering element comprises a first filtering waveguide having a width greater 
than .35 ^m and is tuned to the first polarization, and wherein said input waveguide 
first width is greater than .35 ^un and located proximate.said first filtering waveguide, 
and wherein said second filtering element comprises a second filtering waveguide 
having a width less than .25 ^un and is tuned to the second polarization, and wherein 
said input waveguide second width is less than .25 ixm and is located proximate said 
second filtering element. 

4. A polarization independent optical filter as recited by claim 1, wherein 
said gap is less than approximately 0.5 ^m. 

* 

5. A polarization indepCTdent optical filter as recited by claim 4, wherein 
said input and said output waveguides and said first and said second filtering elements 
have respective widths of less than approximately 1 .0 ^mi. 
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6. A polarization independent optical filter as recited by claim 5, wherein 
the first polarization is transverse magnetic and wherein the second polarization is 
transverse electric, and wherein said first filtering element comprises a first filtering 
waveguide having a width greater than .35 ixm and is tuned to the first polarization, , 
and wherein said input waveguide first width is greater than .35 fim and located 
proximate said first filtering waveguide, and wherein said second filtering element 
comprises a second filtering waveguide having a width less than 25 \xm and is tuned 
to the second polarization, and wherein said input waveguide second width is less than 
.25 ^m and is located proximate said second filtering element. 

7. A polarization independent optical filter as recited by claim 1, wherein 
said first and second filtering elements each comprise a micro-ring resonator. 

8. A polarization independent optical filter as recited by claim 1, wherein 
each of said first and second filtering elements includes a substantially straight 
coupling section defining respective coupler lengths between said first and second 
filtering elements and said input and output waveguides. 

9. A polarization independent optical filter as recited by claim 8, wherein 
each of said first and second filtering elements has substantially the same coupler 
length of less than approximately 50 ^m. 
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10. A polanzalion independent optical filter as recited by claim 1, wherein 
said first and second filtering elements have the same transfer characteristics for TE 
and TM polarization modes. 



11. A multi-stage polarization independent optical filter for receiving fiom 
an optical source a randomly polarized wavelength-division multiplexed (WDM) 
optical signal having a plurality of wavelengths and dejSning first and second 
polarizations, said filter comprising: 

an input waveguide having a first width and a second width and for 
receiving the polarized WDM optical signal; 

a plurality of filtering elements each comprising: 

an output waveguide for separately ou^uttiiig ftom said filter a 
polarized optical signal having a first predetennined wavelength that is one of the 
plurality of wavelengths of the WDM optical signal and having the first and second 
polarizations; 

a first resonator, tuned to said first predetoinined wavelength 
and one of the first and second polarizations and optically coupled to said input 
waveguide, and separated therefitim by a gap, for optically coupling from said input 
waveguide a part of the optical signal having the predetennined wavelength and one 
of the first and second polarizations; and 

a second resonator, tuned to said first predetermined 
wavelength and the other one of the first and second polarizations and optically 
coupled to said input waveguide, and separated therefiom by said gap, for optically 
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coupling from said input waveguide another part of the optical signal having the 
predetennined wavelength and the other one of the first and second polarizations; 

said first and said second resonators respectively coupling said 
part and said another part of the optical signal at said first predetennined wavelength 
to said output waveguide which outputs fijom said filter an optical signal at said first 
predetermined wavelength and having the first and second polarizations. 

12. A polarization independent optical filter as recited by claim 11, 
whereiii the first polarization if transverse magnetic and wherein the second 
polarization is transverse electric. 

13. A polarization indqjendent optical filtw as recited by claun 12, 
wherein each said first resonator comprises a first resonator waveguide having a widfli 
greater than .35 pm and is tuned to the first polarization, and wherein said input 
waveguide first width is greater than .35 ^un and located proximate each said first 
resonator and wherein each said second resonator comprises a second resonator 
waveguide having a width less than .25 m and is tuned to tiie second polarization, 
and wherein said input waveguide secorid width is less tium .25 Mm and is located 
proximate each said second resonator. 



14. A polarization indq>endent optical filto- as recited by claim 11, 
wherein said gap is less than approximately 0.5 jmi. 
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15. A polarization independent optical filter as recited by claim 14, 
wherein each of said input and said output waveguides and each of said first and said 
second resonators have respective widths of less than approximately l.OpaxL 

16. A polarization indq>endent optical filter as recited by claim 15, 
wherein the first polarization if transverse magnetic and wherein the second 
polarization is transverse electric, and wherein each said first resonator comprises a 
first resonator waveguide having a width greater than .35 ^im and is tuned to the first 
polarization, and wherein said input waveguide first width is greater than .35 jmi and 
located proximate each said first resonator, and wherein each said second resonator 
comprises a second resonator waveguide having a width less than .25 m and is tuned 
to the second polarization, and wherein said input waveguide second width is less than 
.25 and is located proximate each said second resonator. 

17. A polarization independent optical filter as recited by claim 11, 
wherein each of said first and second resonators each comprise a micro-ring resonator. 

18. A polarization independent optical filter as recited by claim 17, 
wherein each of said first and second resonators includes a substanti^ly straight 
coupling section defining respective coupler lengths between each of said first and 
second resonators and each of said respective input and output waveguides. 
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19. A polarization indq)eadent optical filter as recited by claim 18, 
wherein each of said first and second resonators has substantially the same coupler 
length of less than approximately 50 ^m. 

20. A polarization indepradent optical filter as recited by claim 11, 
wherein said first and second resonators have the same transfer characteristics for TE 
and TM polarization modes. 
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